This article describes how compost, a by-product generated by solid waste treatment plants,
INTRODUCTION
Degradation from erosion is one of the main causes of slope instability in road embankments 1] . Of all the various types of erosion that can affect such slopes and their immediate surroundings, water and aeolian erosion are undoubtedly the most important. [2] [3] .
Factors that influence erosion are climate aggression or erosivity, soil erosionability, topographic relief, embankment slope, length and watershed form, and the natural or planted cover crop. Some of these factors, such as cover crop or side slope, can be modified, but others cannot because they are typical of the construction site. This is the case of the climate and soil characteristics of the area.
Plants or cover crop can protect bank slopes from water or aeolian erosion [4] . For example, such vegetation can block and retain water from rainfall, and decrease splash erosion. Moreover, the soil permeability and infiltration rate are greater in soils with plants than in soils without them [5] . These effects, along with evapotranspiration, permit the reduction of free water on the soil surface. Slopes are thus protected from surface runoff.
Other effects include the modification of mechanical properties and soil fastening thanks to the roots, which create an intimately linked fiber frame. This fiber frame affords the slope protection from traffic and from being stepped upon since it absorbs outside impact. It also helps to insulate the soil surface, thanks to the creation of a microclimate that reduces temperature and humidity variation. As a result, the natural weathering process is considerably attenuated.
Plants play a very important role in erosion control and side slope stabilization.
However, embankments are rarely suitable for plants since the materials used are selected primarily for their geotechnical characteristics. Furthermore, when construction sites have an arid climate, revegetation becomes more difficult.
Humans generate a great deal of waste and byproducts. Traditional solutions for waste management such as dumping sites and incineration have recently been criticized for a wide variety of reasons [6] [7] . Not surprisingly, waste management measures are now subject to the regulations in EU directives, and recycling solutions have been proposed.
Various waste products have been analyzed and studied, and some have been found to be useful in engineering projects [8-9-10] : Examples of such products are road building wastes (materials from road surface layers, quarry oversize, and mineral dust of bituminous mixture factories); industrial wastes (thermal power station ashes, iron and steel industry ashes and mine wastes mainly from coal); urban wastes (urban incinerator ashes, used tires, demolition wastes, used engine oils, waste plastic and glass); and organic waste (vegetable waters from olive oil production).
Sludge and compost are generated in the lines of wastewater treatment plants and recycling and composting plants all over the world, but in many countries these products are not reused. However, in the USA compost has occasionallybeen used in road construction to reduce runoff and erosion [3-11-12-13] .
Although erosion in road embankments and urban waste management at first seem to be two separate issues, this is not the case. When the fertilizing capacity of byproducts [14-15-16-17-18] and the need to improve the agronomic properties of highway embankments are considered in the same context, their relation becomes evident since each can offer a partial solution for the other. In other words, fertilization from urban waste can facilitate the growth of a cover crop, which in turn reduces erosion. Therefore, road building companies are potential users of urban waste management products. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
The research described in this article shows how compost can be used to enhance road embankment revegetation. Our objectives were: (1) to assess plant growth; (2) to study the influence of design parameters on embankments with a view to examining how they affect decisions regarding revegetation; (3) to ascertain the degree of soil fixation and the consequent reduction of erosion.
MATERIALS AND METHODS
The subsequent sections describe the different variables in our experiment:
Location and Orientation
Our research study was carried out in a semi-arid environment with high climate erosivity (little but intense rainfall and limited vegetation) where erosion has an important impact. The area studied was an embankment of the Waste Recycling and Composting Plant of Gádor in Almería, a province in southern Spain. Apart from its southern orientation, this location had the advantage of having very little traffic, and a controlled access.
As described by Rueda [20] , this region of Almería has a typically dry Mediterranean climate. The average annual precipitation is 219 mm, most of which occurs in winter, autumn and at the beginning of spring. Winds are primarily west-southwest, and come from the coastal area, though most of the terrain is protected by the Gádor mountain range. East winds are also frequent, especially in summer, when it is extremely hot. However, there are also north winds in this area that can produce temperatures as low as 0ºC during the coldest winter months. The maximum and minimum temperatures registered during our study were 39.5ºC and 3.6ºC, with an average relative humidity of 65.9% (Fig.1 ). Maximum and minimum temperatures over the last 63 years for the same area were 42ºC and 0.2ºC, with a relative humidity of 73% [20] [21] .
(FIGURE 1)
Embankments Slopes
Due to geotechnical factors, the standard slope ratios for road embankments are 3:2 and 2:1.
The first ratio fulfills the security requirements for a great variety of soil types, and reduces the total surface occupation as well as the final cubage of earth to be removed. The second fulfills security requirements for loose unconnected materials with very little internal friction, or is used for environment integration reasons. Tests were carried out on both slope types to analyze their possible influence on the results obtained in our experiment.
Soil and compost characteristics
The source of the material used in the embankments was an excavation that was made when the waste plant dumps were under construction. The compost was derived from urban solids without any separation. Complete analyses of both materials were made to assess their fertilizing capacity. It was also necessary to ascertain their heavy metal content, and to verify that their microbiological parameters did not exceed the threshold established by the law.
The soil was found to be suitable for use in the embankment core, and in accordance with current Spanish law [22] . However, its agronomic characteristics were very limited as can be observed in the percentage of organic matter (0.32%) and humic extract (0.06%) in the soil samples.
As for the compost, the samples analyzed showed no traces of salmonella or clostridium perfringens. The microbiological parameters of the compost were thus lower than the maximum values established in the draft of the 2 nd EU Directive regarding the biological treatment of biowaste. Current Spanish legislation [23] establishes no limits for microbiological parameters in compost.
Special attention was then given to the heavy metal content in both soil and compost.
There are currently no regulations regarding the application of compost to road embankments because compost has very rarely been used for this purpose as is evident in the lack of bibliographic references on the subject. . The use of biosolids that most resembles the one in our proposal is as a type of fertilizer [6] . Thus, agricultural regulations have been used as a reference, since this domain is closely related to ours [24] [25] .
Accordingly, Spanish legislation (28 th May 1998) regarding fertilizers and related products (transposition of European Directive 76/116/EEC) was considered applicable, as well as the proposal in the 2 nd European Directive on the biological treatment of biowaste. Table 1 shows that this directive is less restrictive than current legislation if the compost (with the exception of cadmium) is regarded as as stabilised biowaste,
As shown in Table 1 , the values in our samples are lower than the maximum values in both documents (except in the case of cadmium). These regulations were originally motivated by the pollution produced by alkaline batteries, which were often dumped along with organic
wastes. Nevertheless, it should be observed that these are limits for the agricultural use of compost. The limitations in these draft directives refer to microbiological parameters, and are more restrictive than the requirements in current regulations.
Compost dosages
A total of 32 plots were used for the experiment. In other words, four series of four plots were used for each side slope type (3:2 and 2:1). Each of the four series had a different compost dosage: 0, 40, 60 and 80 Mg/Ha. These dosages are typically used in agriculture [18] [19] [20] [21] [22] [23] [24] [25] [26] , and are in accordance with the values found in other research on compost application.
Species Selection
Autochthonous species of local plants were selected to plant on the slopes. Near the Gádor waste plant, there were many species of wild plants that had proven to be very resistant under adverse conditions. Several species were selected with a view to analyzing their growth capacity and to testing different planting methods. The species selected were esparto (Stipa tenaccisima), thyme (Thymus capitatus), genista (Genista umbellata) and broom (Retama monosperma).
Experiment Plot Dimensions
Each plot had a width of 4m at road level, and a length of 5m in the direction of the maximum slope of the embankment. This parameter was in consonance with the species size, and the dimensions of the plot were optimal for our experiment
Planting Characteristics
Depending on the species, two different planting methods were used: hydroseeding † for esparto and thyme, and manual planting for genista and broom.
In the case of hydroseeding, the planting dosage was 2.5 g/m2 for each species, and the seeds were shelled before they were planted. The total quantity of seed used was 1,600g, which was the amount required for four series of eight plots, each with a surface area of † Hydroseeding typically consists of applying a mixture of wood fiber, seed, fertilizer, and stabilizing emulsion with hydromulch equipment, to temporarily protect exposed soils from erosion by water and wind.
20m2.
In the case of manual planting, the planting frame was 1m x 1m, and planting was triangular. None of the plants had another plant of the same species next to it. Twenty plants (ten of each species) were planted in each plot. The total number of plants was 320 units of genista and 320 units of broom.
Plots and planting method
The planting areas were then prepared. On the lower part of the embankment four series of four plots were laid out on a 2:1 side slope. A space of 20m was then left as a soft transition area on the side slope, and four series of four plots were laid out on a 3:2 side slope. In order to prevent water outside the area of the slope from affecting the experiment, a ditch with a small earth ridge was dug on top of the slope. Once the plots were finished, compost was applied manually. This compost was easily distributed because it is a granular material lacking cohesion and loose when poured.
As previously mentioned, two species were planted manually, whereas two others were planted with hydromulch equipment. Since manual planting required stepping on the embankment slope, broom and genista were planted first, and esparto and thyme were hydroseeded afterwards. The only maintenance was irrigation during the first three weeks after planting the seeds.
Process monitoring and parameter control
The parameters measured during research were the following:
• Plant survival rate. The survival rate (percentage of living plants) of the two species that had been planted manually was recorded weekly.
• Plant growth. The growth rate of the two species that had been planted manually was recorded weekly.
• Plant germination. Every two weeks, the number of germinated plants per m 2 was counted in the case of thyme and esparto.
• Colonization by other species. Each month colonizing plants per m 2 were counted.
(These were plant species that had not been planted as part of our experiment and that were in the process of developing without control).
• Cover crop per plot. The cover crop was measured by taking a digital picture of each of the plots.
• Erosion estimation. Erosion was estimated by using the Universal Soil Loss Equation [27] . This equation was chosen because it is the basis for other more recent equations, and also because it is regarded as one of the most accurate ways of calculating erosion.
Various national and international organisms (EU, UNESCO, ICONA, etc.) have used this formula for estimating erosion all over the world [28] [29] .
• Sampling and analysis for soil and compost examination. The sampling and analysis of the most relevant parameters were carried out according to the most recent CEN standards (European Committee for Standardization) at the date and time of our research. When CEN standards were not available, ISO, international or national standards were applied. The Spanish national standards used were UNE and NLT, which in many cases were transpositions of European standards.
RESULTS AND DISCUSSION
From the moment planting occurred, the plant species were closely monitored. This section presents and discusses the final results of our study. Tables 3 and 4 The genista survival rate was not as high as the broom survival rate, which showed higher values (Fig.2) . Average survival rates for genista were 54.38% for 2:1 side slopes and 58.75% for 3:2 side slopes, while broom showed average survival rates of 81.25% for 2:1 side slopes and 80.63% for 3:2 slopes. The slope type and compost dosage were not statistically significant and were found to have no effect on the survival rates of either plant species.
(FIGURE 2) Figure 3 shows the growth rate of both species. In this case, it was found that the growth rate was slightly higher for broom than for genista. Indeed, average growth rates for genista were 47.94% for 2:1 side slopes and 46.83% for 3:2 side slopes, whereas average growth rates for broom were 49.03% for 2:1 side slopes and 52.91% for 3:2 side slopes.
Again the type of slope was not statistically significant, and seemed to have no effect on the genista growth rate. However, in the case of broom, the growth rate was statistically higher (p<0.05) for the 3:2 side slope than for the 2:1 side slope.
(FIGURE 3)
In the case of genista, the compost dosage was statistically significant (p<0.05), and indicated that the higher the compost dosage, the better the results. This turned out to also be true for broom though with a nuance. The base plot systematically presented worse results than the plots where compost had been applied, but there were no significant statistical differences when plots with different compost dosages were compared with each other. The growth and the survival rate results indicate that broom is more suitable for manual planting than genista.
In the case of hydroseeding, the slope type had an influence on the results. Thyme germination was much higher for 2:1 side slopes (1.07 plants/m 2 ) than for 3:2 side slopes (0.30 plants/m 2 ) (Fig.4) . In the case of esparto, germination was very low for both slopes, though the 2:1 side slopes showed a better performance with an average value of 0.63 plants/m 2 as opposed to an average value of 0.30 plants/m 2 for 3:2 side slope.
Regarding the germination of hydroseeded species (thyme and esparto), slope type was a significant statistical variable (p<0.05), and turned out to be a more critical parameter for hydroseeded species than compost dosage. Indeed compost dosage was not statistically significant for the germination of esparto. In the case of the germination of thyme, compost dosage was only statistically significant when the base plot (0 Mg/Ha of compost) was compared to plots with different compost dosages (p<0.05). However, when plots with different compost dosages were compared to each other, this variable was not significant
Natural colonization by other species was denser for the 3:2 side slope (Fig.5) 
(FIGURE 5)
The plant species used in the experiment (genista, broom, thyme and esparto) competed with the colonizing species for space, water and nutrients as a cover crop for the plots. This cover crop was denser in the case of 3:2 side slopes than for 2:1 side slopes because of the presence of the previously mentioned colonizing species (Fig.6 ). For each side slope, plots where the compost was applied presented a denser cover crop than the reference plots (00-21 and 00-32), where no compost was applied. Again, compost dosage was only statistically significant when the base plot (0 Mg/Ha of compost) was compared to plots with different compost dosages (p<0.05). However, when plots with different compost dosages were compared to each other, this variable was not significant (FIGURE 6) Soil loss was estimated by means of the Universal Soil Loss Equation [27] :
where A stands for soil loss (Mg/Ha·year); R, for the rainfall erosivity index (J·cm/m 2 ·h); K, for the soil erodibility factor (t·m 2 ·h/Ha·J·cm); L, for the slope length (non-dimensional); S, for the bank slope factor (non-dimensional); C, for the cropping factor (non-dimensional); P, for the conservation practice factor (non-dimensional).
Several studies have adapted this formula to the particular climate conditions in Spain [30] [31] . R, K, L and P have been kept constant for every plot, corresponding to the values 51.10, 0.3362, 0.41 and 0.90, respectively. Differences in the results of erosion can be explained by S, the bank slope factor, and C, the cropping factor, obtained from the percentage of the existing cover crop [28] , interpolated in Table 2 , which takes into account the exact value of the cover crop in every plot. S was 18.57 for 2:1 slopes and 31.96 in the case of 3:2 slopes.
(TABLE 2) Figure 7 clearly shows that a denser cover crop lessened soil loss. Consequently, the conclusions regarding soil loss are very similar to those obtained for the cover crop. Indeed, the results for the compost dosages were statistically significant (p<0.05) when the plots with different compost dosages were compared with the base plots. However, when the plots with different compost dosages were compared to each other, the differences were not statistically significant. Regarding slope type, soil loss was higher for 2:1 side slopes than for 3:2 side slopes, and the differences were statistically significant (p<0.05). The average values were 44.93 t/Ha·year for 2:1 side slopes and 28.87 t/Ha·year for 3:2 side slopes.
(FIGURE 7) Tables 3 and 4 show the statistical results presented in this section: (TABLE 3) (TABLE 4)
CONCLUSIONS
In relation to the agronomic parameters, both types of manually planted species showed satisfactory results:
• The average survival rates for genista and broom survival were 57% and 81 %, respectively.
• Side slope type was not a significant variable in this case.
• Similarly, the addition of compost did not produce better survival rates. However, it was significant for plant growth.
• As for the species planted by hydroseeding, different species had different performance levels:
• The germination of thyme and esparto was higher in the base plot than in the plots in which biosolids were applied. However, colonization was much higher in the plots with applied compost than in the base plot.
• The cover crop was higher in the plots with 3:2 side slopes, with an average value of 37.44%.
In contrast, plots with 2:1 side slopes showed an average value of 19.59%. This was primarily due to the presence of colonizing species.
This research shows that compost application in roads embankments increases cover crop and reduces soil loss. The actual compost dosage was not found to be statistically significant. The base plot (with no compost) showed a soil loss of 53.88t/Ha·year. However, in plots where compost was applied, soil loss decreased to 31t/Ha·year. 
